Pdx1 has been shown to convert hepatocytes into both exocrine and endocrine pancreatic cells in mice, but it fails to selectively convert hepatocytes into pure insulinproducing cells (IPCs). The molecular mechanisms underlying the transdifferentiation remain unclear. In this study, we generated a stably transfected rat hepatic cell line named WB-1 that expresses an active form of Pdx1 along with a reporter gene, RIP-eGFP. Our results demonstrate that Pdx1 induces the expression of multiple genes related to endocrine pancreas development and islet function in these liver cells. We do not however find any expression of the late-stage genes (Pax4, Pax6, Isl-1, and MafA) related to ␤-cell development, and the cells do not secrete insulin upon the glucose challenge. Yet when WB-1 cells are transplanted into diabetic NOD-scid mice, these genes become activated and hyperglycemia is completely reversed. Detailed comparison of gene expression profiles between pre-and posttransplanted WB-1 cells demonstrates that the WB-1 cells have similar properties as that seen in pancreatic ␤-cells. In addition, in vitro culture in high-glucose medium is sufficient to induce complete maturation of WB-1 cells into functional IPCs. In summary, we find that Pdx1-VP16 is able to selectively convert hepatic cells into pancreatic endocrine precursor cells. However, complete transdifferentiation into functional IPCs requires additional external factors, including high glucose or hyperglycemia. Thus, transdifferentiation of hepatocytes into functional IPCs may serve as a viable therapeutic option for patients with type 1 diabetes.
T he liver and pancreas have an intimate relationship during embryogenesis. Indeed, it has been proposed that these two organs are derived from a common progenitor cell (1) , and transdifferentiation between the liver and pancreas has been demonstrated under certain conditions (2) . We previously demonstrated that hepatic stem cells could be induced in vitro to transdifferentiate into insulin-producing pancreatic endocrine-like cells (3) . Recent studies have shown that ectopic and transient expression of the transcription factor Pdx1 in the mouse liver induces transdifferentiation into pancreatic cells, including both exocrine and endocrine cells, and reduces hyperglycemia in chemically induced diabetic mice (4 -7). However, the conversion from liver to endocrine pancreatic cells mediated by Pdx1 alone is incomplete and nonselective, resulting in severe hepatitis due to the production of by-products such as the exocrine enzymes amylase and trypsin (7) .
To establish an in vitro system to study the molecular mechanism of selective liver to endocrine pancreas transdifferentiation, we generated a stably transfected rat hepatic cell line (WB-1) that overexpresses an activated form of Pdx1 (Pdx1-VP16) along with a reporter gene, RIPeGFP, to monitor insulin gene expression. Pdx1-VP16 is a fusion of mouse Pdx1 with the VP16 activation domain from the Herpes simplex virus that creates a super active version of Pdx1 (5) . In this study, we investigated the profile of gene expression induced by Pdx1-VP16 -mediated transdifferentiation of WB-1 cells in vitro and during in vivo cell transplantation. We find that expression of Pdx1-VP16 can transdifferentiate hepatic WB cells into glucose-insensitive endocrine precursor cells expressing multiple genes related to ␤-cell development and function but with no evidence of pancreatic exocrine gene expression. However, these precursor cells require either in vivo hyperglycemia or in vitro long-term high-glucose culture to become fully functional pancreatic endocrine cells. Thus, the conversion of hepatocytes into endocrine pancreatic cells may be a viable option for cell replacement therapy in patients with type 1 diabetes.
RESEARCH DESIGN AND METHODS
Plasmids and plasmid construction. Pdx1-VP16 was constructed by fusing the activation domain of VP16 (80 amino acids) to the mouse COOH-terminus of Pdx1 as follows. Full-length Pdx1 was isolated from IPF1-pcDNA3 (a gift from H.-P. Huang) using the T7 primer and a 3Ј primer that included a ClaI site, 5Ј-TCG CAG TGG ATC GAT GCT GGA G-3Ј. The product was cut with HindIII and ClaI and subcloned into VP16-N in pCS2 ϩ (a gift from Dr. Kessler) (8). Pdx1-VP16 was then subcloned into the HindIII and XbaI sites of pcDNA3. A vector containing a chimeric gene of the zeocin resistance gene (zeo r ) and a green fluorescence protein gene under the control of rat insulin-1 promoterenhanced green fluorescence protein (RIP-eGFP) was constructed in our laboratory. To construct pRIP-eGFP, a 645-bp fragment of the 5Ј untranscribed (promoter) region of the rat insulin I gene was amplified from DNA of rat pancreas. The PCR product was first cloned into pGEM-T vector (Promega, Madison, WI). The insulin promoter fragment was then cut out by BamHI and EcoRI and then cloned into pHR-eGFP (Stratagene, La Jolla, CA).
Cell lines and cell cultures
Rat liver epithelial cells (WB cells). WB cells are derived from normal liver cells isolated from an adult male Fisher 344 rat and represent the cultured counterpart of liver stem-like cells (9, 10) . They are capable of differentiating into both mature hepatocytes and biliary epithelial cells (10, 11) . The WB cells (a gift from Dr. Grisham) (9) were maintained in Dulbecco's modified Eagle's medium/F12 medium supplemented with 10% FCS, 11.1 mmol/l D-glucose, 100 units/ml penicillin, and 100 g/ml streptomycin. Rat insulinoma INS-1 cell line (clone 832/13). The rat INS-1 cell line (clone 832/13) (a gift from Christopher B. Newgard) was derived from stable transfection of a plasmid containing the human proinsulin gene driven by a cytomegalovirus (CMV) promoter (12) . The cells express and process both rat and human insulin and are capable of insulin release in response to glucose stimulation. The cells were continuously maintained in our laboratory for 1.5 years in RPMI 1640 medium as described (12) and used as a positive control for studies of insulin content and insulin release. WB-1 cell lines. We have generated five cell lines containing a fusion gene of Pdx1-VP16 and a reporter gene RIP-eGFP from WB cells. In short, WB cells were cotransfected with plasmids of CMV-Pdx1-VP16 and RIP-eGFP by lipofectin reagent (Invitrogen, Carlsbad, CA). Double-positive cells were selected with antibiotics G418 (400 g/ml) and Zeocin (400 g/ml) for 3 weeks. Five single cell-derived green fluorescence protein-positive clones were randomly isolated using a cloning cylinder (Fisher) and were expanded into five cell lines designated WB-1 to -5. All of the five cell lines expressed similar levels of Pdx1 protein detected by Western blotting with anti-Pdx1 antibody and the insulin gene visualized under a fluorescence microscope. According to these criteria, we assumed that the five lines were similar and we therefore focused on a single clone, WB-1, for the rest of the experiments, as presented in this article. The WB-1 cells were maintained in RPMI 1640 medium supplemented with 10% FCS and 11.1 mmol/l D-glucose. RT-PCR. Total RNA was prepared from cells or tissues using TRI-reagent. Transcriptional gene expression was determined by RT-PCR according to our previously published protocol (3). The forward and reverse primers of each PCR set were designed to be located in different exon(s) based on sequences obtained from GenBank to distinguish the PCR product from DNA contamination. The name and sequences of the primers, the sizes of PCR products, cycles, and annealing temperature for each pair are listed in Table 1 . Enzyme-linked immunosorbent assay. WB-1 cells were maintained in the medium containing 11.1 mmol/l glucose after they were cultured under a high (25 mmol/l)-glucose medium for 1 month. The static insulin production in the culture medium was measured regularly (twice a week). For insulin secretion experiments, the WB-1 cells were switched to low (5.5 mmol/l)-glucose medium for 1 week. After overnight starvation with a serum-free medium containing 0.5% BSA and 3.0 mmol/l glucose, the cells were stimulated with 20.0 mmol/l glucose for 2 h. The culture media were collected and frozen at Ϫ70°C until assay for insulin release. Serum-free culture medium containing 0.5% BSA was used as a medium control. For insulin content measurement, the cellular proteins were extracted with radioimmunoprecipitation assay buffer, and cellular proteins were quantitated. Insulin release and insulin content were detected by using an ultrasensitive mouse insulin enzyme-linked immunosorbent assay (ELISA) kit (ALPCO, Windham, NH) following the manufacturer's protocols. Three separate experiments were performed. INS-1 cells or parental WB cells were used as positive or negative controls and treated the same way as the WB-1 cells, as described above in the insulin secretion experiments. SDS-PAGE and Western blot. Detection of Pdx1 and insulin proteins was accomplished according to our previously published procedure (13) with minor modification. In brief, cell lysates (50 g/lane) were separated by SDS-PAGE using 12% gels for Pdx1 and 16.5% for insulin detection (Bio-Rad). The proteins were transferred to PVDF membranes, blotted with rabbit anti-Pdx1 serum (1:5,000) (a gift from C. Wright), followed by horseradish peroxidase-conjugated secondary anti-rabbit polyclonal antibody (1:20,000) and visualized by enhance chemiluminescence. Cell transplantation and nephrectomy. The 8-to 10-week-old male NODscid mice (Pathology Animal Core Facility, University of Florida) were made hyperglycemic by intraperitoneal injections of streptozotocin (STZ) at 50 g/g body wt daily for 5 days, as previously described (14) . When blood glucose reached levels Ͼ350 mg/dl, 1 ϫ 10 6 WB-1 cells/mouse were transplanted into the left renal subcapsular space. Control mice receiving 1 ϫ10 6 WB cells/ mouse or 1 ϫ 10 6 INS-1 cells/mouse in 50 l volume of PBS served as negative and positive controls, respectively. The blood glucose levels were monitored regularly at 1600 in the nonfasting condition. Three of the six WB-1 cellimplanted mice underwent nephrectomy at day 40 posttransplantation to assess metabolic activity of the transplanted cells. The hyperglycemic mice were terminated at day 30. The remaining mice with WB-1 and INS-1 cell transplantation were maintained and terminated at 4 months posttransplantation. The explanted tissues containing implanted WB-1 cells and INS-1 cells were collected for analyses of gene expression and morphologic evaluation. Histology, immunohistochemistry, and immunocytochemistry. The explanted tissues were fixed and embedded in paraffin, and sections were stained with hematoxylin and eosin (H&E). Sections were incubated with antibodies against insulin, glucagon and albumin (Dako), and amylase (Santa Cruz Biotechnology) according to our previously published procedure (3) with minor modifications. Cytospin slides were made from cultured WB-1 and WB cells and fixed with methanol for 10 min. For Pdx1 staining, cytospin slides were incubated sequentially with rabbit anti-Pdx1 (1:5,000) antibody for 2 h and then biotinylated secondary anti-rabbit polyclonal antibody for 30 min. The antigen-antibody complex was visualized with DAB reagent (Vector Laboratories). Electron microscopy with immunogold labeling. For immunogold localization of insulin, the cultured WB-1 cells and rat pancreas were embedded as previously described (14) . For immunogold labeling, ultra-thin sections were blocked with 5% BSA and 5% normal goat serum in PBS and then incubated overnight at 4°C with rabbit anti-insulin antibody (Santa Cruz Biotechnology) diluted 1:50 in PBS containing 0.2% BSA and 10 mmol/l NaN 3 . After washing, the samples were incubated for 1.5 h at room temperature with the secondary goat anti-rabbit IgG antibody conjugated to 0.8 nm colloidal gold particles (Aurion EM Grade Ultra Small, EM Sciences). The gold particles were silver-enhanced for 45 min at room temperature (Aurion R-Gent SE EM, EM Sciences). The samples were counterstained and then viewed using a Zeiss EM-10A transmission electron microscope. Statistical analysis. Statistical analyses were performed using an independent sample t test. A value of P Ͻ 0.05 was considered significant.
RESULTS
Generation and characterization of the WB-1 cell line. To establish an in vitro system to study the molecular mechanisms of the transdifferentiation of hepatic cells into insulin-producing cells (IPCs), rat WB cells were cotransfected with CMV-Pdx1-VP16/neo r and RIP-eGFP/zeo r plasmids. Five single cell-derived green fluorescence proteinpositive clones (Fig. 1A , part a) were isolated and named WB-1 to -5. These clones were further expanded (Fig. 1A,  b and c) , and the cells were found to exhibit an intense cytoplasmic green fluorescence, indicating activation of the insulin promoter by Pdx1-VP16 (Fig. 1A, d ). To confirm the nuclear localization of the Pdx1 protein, WB-1 cells were subjected to immunocytochemistry with antiPdx1 antibodies. As expected, Pdx1 protein was mainly distributed in the nuclei, as shown by dark brown nuclear staining in WB-1 cells (Fig. 1B, left) , and there was no staining in WB cells (Fig. 1B, right) . Cells stained with control antibody showed no detectable staining (data not shown). Western blot analysis of whole-cell lysates from WB, WB-1, and INS-1 cells demonstrated abundant expression of activated 46-kDa Pdx1 phosphorylated protein in WB-1 and INS-1 cells, but not in parental WB cells (Fig. 1C , WB-1). Similar expression of the Pdx1 protein was also observed in other WB-derived clones 2-5 (data not shown). Because all five Pdx1-VP16 -expressing WB clones expressed similar amounts of Pdx1-VP16 protein and RIP-eGFP, the remaining studies were performed with the WB-1 clone.
To confirm that the WB-1 cells indeed expressed the Pdx1-VP16 fusion protein, we performed a Western blot using anti-VP16 antibody. A single band at ϳ58 kDa of the Pdx1-VP16 fusion protein was detected in WB-1 cells, but not in the parental WB cells (Fig. 1D, left) . When a Pdx1 antibody was used to examine the Pdx1 expression, we were able to not only detect the Pdx1-VP16 fusion protein, but also a phosphorylated/active (46-kDa) and an unphosphorylated/inactive (31-kDa) endogenous Pdx1 protein that did not normally express in WB cells (Fig. 1D, right) . These results indicate that Pdx1-VP16 activates the expression of the endogenous Pdx1 during the transdifferentiation to pancreatic endocrine cells. In conclusion, we have successfully established an in vitro system consisting of a single hepatic cell-derived clone expressing Pdx1-VP16 with a built-in reporter RIP-eGFP gene to reflect the activity of the insulin promoter.
To characterize the gene expression profile of the newly generated WB-1 cells, we examined the expression of various genes related to pancreatic development and ␤-cell function by RT-PCR and compared the results with parental WB cells, rat insulinoma cells (INS-1), and normal pancreas (Fig. 2) . Expression of Pdx1-VP16 in WB cells resulted in the transcription of multiple genes related to endocrine pancreas development and ␤-cell function. These include HNF1, endogenous Pdx1, NeuroD/Beta2, Ngn3, NKx2.2, NKx6.1, Glut-2, GK, insulin I and II, and glucagon. This gene expression profile is similar to that seen in the INS-1 cells and rat pancreas. However, there was no detectable expression of the genes Pax4, Pax6, Isl-1, or MafA, which are involved in the late stages of differentiation of pancreatic endocrine cells (15) . To determine whether the newly generated WB-1 cells are capable of glucose-responsive insulin release, they were challenged with 20 mmol/l glucose for 2 h, and insulin secretion was determined by ELISA. We found that although the WB-1 cells express multiple pancreatic endocrine genes, including insulin, they do not respond to glucose stimulation by releasing insulin (data not shown). Moreover, there was no detectable mature insulin by Western blot with an anti-insulin antibody (data not shown). Taken together, these results indicate that Pdx1-VP16 -expressing WB-1 cells are precursors of pancreatic endocrine cells that do not exhibit mature ␤-cell function in the absence of further differentiation.
Reversal of diabetes in WB-1 cell-transplanted diabetic mice.
To determine whether the WB-1 cells possess the ability to further differentiate into mature functional pancreatic endocrine ␤-like cells, they were transplanted into the left renal subcapsular space of STZ-induced diabetic NOD-scid mice. As demonstrated in Fig. 3 , WB-1 cells are capable of reducing blood glucose levels from ϳ400 to ϳ200 mg/dl in the diabetic mice within 2-3 weeks after cell transplantation, and by day 60, blood glucose levels were normalized (70 -100 mg/dl). In contrast, mice implanted with WB cells did not show any reduction in blood glucose levels and remained hyperglycemic during the entire observation period. As expected, mice receiving INS-1 cell transplantation showed a sharp reduction in blood glucose levels within 7-9 days and maintained blood glucose levels near 150 -200 mg/dl for a long time, but eventually became hypoglycemic (ϳ30 -40 mg/dl). Furthermore, removal of implanted WB-1 cells by left nephrectomy induced a rebound persistent hyperglycemia, confirming that the implanted WB-1 cells are indeed responsible for the reduction of blood glucose levels. To evaluate the long-term effects of the implanted WB-1 and INS-1 cells, the remaining mice from the two groups were continuously observed for 4 months. WB-1-transplanted mice displayed a consistent euglycemia (70 -100 mg/dl), whereas INS-1-transplanted mice had persistent hypoglycemia (30 -40 mg/dl). All mice maintained normal body weight comparable to the aged-matched normal mice without diabetes (data not shown). These results demonstrate that although WB-1 cells do not appear to be mature endocrine cells in vitro, they are able to further differentiate and mature in vivo, as well as function like ␤-cells and rescue diabetic mice. Gene expression profiles of pre-and posttransplanted WB-1 cells. To explore the molecular mechanism responsible for the functional shift of WB-1 cells from being glucose insensitive in vitro to being functional in vivo, we compared the gene expression profiles of posttransplanted WB-1 cells at 40 days and 4 months to that of the functional rat insulinoma INS-1 cells and to pretransplanted WB-1 cells as well as to their parental WB cells. We observed several noticeable changes in the expression of some genes related to ␤-cell development and function (Fig. 4A) . First, after 40 days in vivo, the WB-1 cells now express the genes Pax4, Pax6, and Isl-1, which were not expressed before transplantation. Second, Ngn3, a key transcription factor that is transiently expressed in the pancreatic endocrine precursors but not in mature pancreatic endocrine cells (15-17) , was now un- 
GK/HK ratio increases as the WB-1 cells undergo maturation. 4)
Chrom A, a widely distributed protein in all islet cells, is expressed at all stages of WB-1 cell maturation, but is not detected in the parental liver epithelial WB cells. As expected, the rat insulinoma cell line INS-1 (823/13) expresses all genes with the exception of HK, whereas the parental WB cells express GK, HK, PC1/3, and PC2. These results demonstrate that upon maturation, the WB-1 cells indeed express many of the molecular components involved in regulated insulin secretion in mature ␤-cells. Histology and pancreatic hormone production in the explanted tissues. To further characterize the identity of the transplanted WB-1 cells, we examined their histological appearance and insulin protein expression after in vivo differentiation at 40 and 120 days posttransplantation. The explanted WB-1 cells formed glandular or islet-like clusters with a rich network of microvasculature ( Fig. 5A and  B, H&E) . The cytology of the posttransplanted WB-1 cells at 40 days revealed large nuclei and relatively scant cytoplasm, which is morphologically consistent with less mature cells (Fig. 5A) . In contrast, at 120 days, the cells showed a decreased nucleus/cytoplasm ratio with "salt and pepper" chromatin and abundant cytoplasm, which is characteristic of mature pancreatic endocrine cells (Fig.  5B, H&E) . Immunostaining for insulin protein showed that Ͼ95% of the implanted cells expressed insulin (Fig. 5A, e and 5B, d) with no detectable glucagon-positive cells present (data not shown). Neither amylase nor albumin was detectable in WB-1 and INS-1 cells in comparison to positive controls (Fig. 5C ). These results demonstrate that in vivo, Pdx1-VP16 -expressing WB-1 cells selectively differentiate into mature functional IPCs with no detectable pancreatic exocrine or liver proteins. Effects of high-glucose culture on WB-1 cell maturation. Based on the results of cell transplantation, as well as our previous studies on hepatic oval cells (3) and bone marrow-derived stem cells (14), we hypothesize that highglucose condition is a critical factor to promote further differentiation of precursor WB-1 cells. To determine whether WB-1 cells could be induced to mature in vitro into functional IPCs, we cultured them in high-glucose media for 4 weeks. Table 2 summarizes the insulin content and release in WB, WB-1, and INS-1 cells upon stimulation with 20 mmol/l glucose. We found a 1.8-fold increase in insulin release in WB-1 cells in response to glucose stimulation when compared with unstimulated WB-1 cells. A similar ratio is seen with INS-1 cells under our experimental conditions, demonstrating that high glucose can indeed promote the maturation of nonfunctional WB-1 cells into functional IPCs. These results support our hypothesis that Pdx1-VP16 -expressing hepatic cells are endocrine precursor cells that selectively differentiate into mature functional IPCs only when placed in the proper microenvironment, such as in high-glucose culture or in a hyperglycemic diabetic mouse.
To examine whether the functional WB-1 cells can maintain their differentiated state when glucose levels are switched back to basic levels, we continuously followed the WB-1 cells in the basic medium (11.1 mmol/l glucose) and measured static insulin levels in the culture medium. We observed that the static insulin secretion in the medium was maintained at a high level (Ͼ1.7 ng/ml culture medium) for five passages, decreased to 0.8 ng/ml for the next two passages, and then remained at 0.3 ng/ml for six additional passages before it became undetectable. This phenomenon of changing sensitivity to glucose is commonly observed and has been well documented, even in true ␤-cell lines or genetically engineered ␤-cell lines (18, 19) ously, we showed that amylase protein is not detected in the explanted WB-1 cells. To confirm that transdifferentiation is selective toward an endocrine cell fate, we examined the expression of both early (p48) and late exocrine (amylase, elastase, and carboxypeptidase) genes in various stages of WB-1 cells by RT-PCR. In agreement with our hypothesis that WB-1 cells are pancreatic endocrine precursors, we found no detectable expression of exocrine markers (Fig. 6A) . In contrast, we do find expression of hepatic mRNA, though we do not detect protein expression (Fig. 6B) . These results indicate that expression of Pdx1-VP16 selectively transdifferentiates hepatic cells into pancreatic endocrine IPCs cells and the gene expression profile that we examined in WB-1 cells become identical to Fig. 7B , insulin-containing electron dense granules were present in mature WB-1 cells (left) and were similar to that seen in ␤-cells (right). These results indicate that cultured mature WB-1 cells can indeed process insulin and form insulin secretory granules.
DISCUSSION
We have successfully generated stably transfected WB rat liver cell lines expressing an activated form of Pdx1 and containing the reporter construct RIP-eGFP. The parental WB cells are derived from a normal rat adult liver and are believed to represent rat liver epithelial stem-like cells, having the capacity to differentiate into both hepatocytes and bile ductal cells (10, 11) . The WB-1 cell line has a gene expression profile resembling endocrine pancreatic precursor cells and expresses several pancreatic transcription factors related to pancreatic endocrine development (HNF1, endogenous Pdx1, Ngn3, NeuroD/Beta2, NKx2.2, and NKx6.1) as well as numerous genes related to pancreatic endocrine function (insulin I and II, glucagon, Glut-2, GK, GLP-R, PC1/3, PC2, HK, and Chrom A. However, Pdx1-VP16 is unable to activate the late-stage pancreatic transcription factors Pax-4, Pax-6, Isl-1, and MafA as well as ␤-cell function-related genes SUR1, Kir6.2, SNAP25, and IAPP. Moreover, although the WB-1 cells express insulin mRNA, they do not process and secrete insulin upon stimulation with glucose. It is possible that the lack of expression of Pax-4, Pax-6, Isl-1, SUR1, Kir6.2, SNAP25, and IAPP in early WB-1 cells may explain the results of the glucose insensitivity, since these genes are essential for late stages of ␤-cell differentiation and maintenance of mature ␤-cell function. In searching for external factors that can promote further differentiation of the WB-1 cells, we found that high-glucose environments (both in vitro and in vivo) are sufficient to induce the WB-1 cells to become fully functional IPCs. Cell transplantation into diabetic NOD-scid mice. Although the WB-1 cells do not behave like mature ␤-cells, we found that they were able to differentiate further when transplanted into diabetic NOD-scid mice. Interestingly, the WB-1 cells were indeed capable of normalizing blood glucose levels and restoring weight loss in these mice, indicating that, in vivo, the implanted cells are fully functional. This pattern of reduction of blood glucose levels with WB-1 cells is similar to that seen with INS-1 cells, except that the INS-1 cells show a more rapid effect From day 57 posttransplantation and lasting to the end of the 4-month observation period, WB-1 cell mice maintained perfect euglycemia (70 -100 mg/dl), whereas INS-1 cell mice became hypoglycemic (30 -40 mg/dl). This difference may be due to uncontrolled proliferation or unregulated insulin release from INS-1 cells, since these cells constitutively express insulin. In contrast, WB-1 cells are able to respond to blood glucose levels in a regulated manner similar to normal ␤-cells. Indeed, examination of the explanted tissue from both WB-1-and INS-1-implanted mice did not reveal any differences in the appearance of these cells, but more tissue mass was seen in the INS-1 cells.
These data indicate that in vivo hyperglycemia is a powerful factor in promoting pancreatic precursor cells to differentiate into mature ␤-like cells; indeed, liver-derived IPCs are able to function like pancreatic ␤-like cells and maintain long-term euglycemia without exocrine differentiation. The in vivo maturation of the implanted cells may be explained by at least two possible mechanisms: 1) a diabetic microenvironment such as hyperglycemia promotes immature cell differentiation and maturation, and 2) subrenal capsular implantation creates cell-cell contact in three-dimensional environments to allow cell-extracellular matrix interaction, promoting cell maturation and insulin production. Novel points from gene expression studies. Little is known about the molecular mechanism of Pdx1-induced transdifferentiation from liver to pancreatic endocrine cells. By examining the expression of numerous pancreatic transcription factors, we found that there are some important differences in the sequence of gene activation between normal pancreas development and Pdx1-induced transdifferentiation of liver cells. For example, a recent review by Wilson et al. (15) GK , and PC2 also showed increased expression in WB-1 cells after transplantation. In contrast, Ngn3 became undetectable after transplantation, consistent with the notion that Ngn3 is transiently expressed in early pancreatic precursor cells. Another interesting observation is GK and HK gene expression during the WB-1 cell in vivo maturation. In pancreatic ␤-cells, glucose is phosphorylated to glucose-6-phosphate by GK, whereas in most other cells (e.g., liver cells), the process is mediated by HK (19, 20) . The comparison of gene expression between GK and HK in various stages of the WB-1 cells suggests that as WB-1 cells become more differentiated, GK expression increases. Conversely, HK gene expression appears to decrease as the WB-1 cells differentiate and mature. The ratio of GK/HK increases at the transcriptional level, as the WB-1 cells become mature. These results indicate that the in vivo diabetic environment plays a key role in the differentiation and maturation of WB-1 cells into fully functional pancreatic endocrine cells. Selective pancreatic endocrine differentiation. Several groups have overexpressed Pdx1 protein in the liver of STZ-induced diabetic mice but have not succeeded in producing selective pancreatic endocrine differentiation (4, 6, 7, 21) . Instead, severe hepatitis, presumably caused by the production of exocrine enzymes such as amylase, elastase, and chymotrypsin (7), and dysmorphogenesis, such as abnormal lobe structures and multiple cystic lesions (21) , were recently reported. The conclusion drawn from these in vivo animal studies is that ectopic expression of Pdx1 alone in the liver initiates both endo- crine and exocrine pancreas differentiation and is insufficient to induce selective endocrine pancreas differentiation. Recent work by Zalzman et al. (22) (23) (24) (25) .
Another interesting observation is that we consistently detected glucagon gene expression by RT-PCR, but we failed to detect glucagon protein expression. The same was true in the well-characterized pure rat insulinoma INS-1 cells (823/13). The glucagon gene was strongly expressed in INS-1 cells, but no glucagon-positive cells were detected by immunohistochemistry. The most likely explanation is that some WB-1 cells are still in the precursor stage. It is well documented that during pancreatic endocrine ␤-cell development, the ␤-cell precursors express both glucagon and insulin (26) . Although in vivo transplantation promotes precursor WB-1 cells to further differentiate into mature cells, it is quite safe to assume that not all of the implanted WB-1 cells simultaneously mature to IPCs. Some WB-1 cells apparently maintain their precursor state. This assumption is supported by our observation of persistent euglycemia in the WB-1 celltransplanted diabetic NOD-scid mice. The euglycemic stage in these mice lasted until the end of the observation (4 months). The data from animal experiments suggest that some transplanted WB-1 cells function like precursor cells. These cells respond to changes in glucose levels and allow a certain number of stem-like cells to undergo differentiation. At the same time, they duplicate themselves to maintain the number of pancreatic stem-like cells. This would explain why we detect not only many late-stage genes related to ␤-cell function, but also genes representing precursor cell features in a pooled sample. The reason we could not detect glucagon-expressing stem-like WB-1 cells is most likely due to both the low level of glucagon protein as well as low sensitivity of immunohistochemistry.
The same explanation can also apply to the phenomenon that albumin gene expression was detected, but no albumin protein was detected. As expected, when a WB cell undergoes a complete transdifferentiation into a pancreatic ␤-cell, the liver genes should be either downregulated or shut off. However, when a stem-like WB-1 cell gives rise to its progenies, it may undergo an asymmetric division, like all stem cells do, to duplicate itself and to give a daughter cell, allowing complete differentiation to take place. Therefore, the liver gene expression we detected by RT-PCR in the explanted WB-1 cells is probably due to residual precursor WB-1 cells that still maintain low levels of liver cell activity. Effects of high glucose or hyperglycemia on cell differentiation. We have previously demonstrated that culture of hepatic stem cells and bone marrow-derived stem cells in high-glucose medium is critical to their transdifferentiation into insulin-producing cells (3, 14) . Our current study with WB-1 cells showed no detectable insulin protein or glucose-responsive insulin release even though the insulin genes were activated. Our results demonstrated that in vivo hyperglycemia or in vitro highglucose culture is critical for promoting WB-1 cells to undergo further differentiation into functional ␤-like IPCs. Although the molecular mechanism of high-glucose-induced differentiation of stem/precursor cells into insulinproducing cells is unclear, it is well known that glucose is a growth factor for ␤-cells (26) . It promotes ␤-cell replication in vitro and in vivo at the 20-to 30-mmol/l concentration (27) . Those observations have been supported by two recent studies. Zalzman et al. (22) demonstrated that highglucose (25 mmol/l) culture of immortalized Pdx1-expressing human fetal hepatocytes promoted the production, storage, and release of insulin in a regulated manner. Recently, Kojima et al. (28) showed that hyperglycemia produced by intraperitoneal injection of glucose into nondiabetic mice led to the appearance of proinsulin and somatostatin co-positive cells in the liver within 3 days, and mature insulin-positive cells were observed by day 15.
The results of our study demonstrate that hyperglycemic conditions in vivo turn on Pax4, Pax6, Isl-1, and MafA (late-stage genes in the developing endocrine pancreas) as well as ␤-cell function-related genes SUR1, Kir6.2, SNAP25, and IAPP, shut off Ngn3 expression, and upregulate multiple genes (Nkx2.2, GK, insulin II, PC2, and GLP-1R) that are related to glucose regulation in WB-1 pancreatic precursor cells. Based on these observations, we conclude that high glucose is a key factor in promoting the differentiation of WB-1 cells into functional IPCs. A detailed study of the molecular mechanism of the effect of a high-glucose condition on cell differentiation requires further investigation.
